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1. INTRODUCTION {#ame212059-sec-0005}
===============

Iron‐sulfur clusters (Fe/S) are essential cofactors for a number of cellular processes including mitochondrial respiration and DNA metabolism.[1](#ame212059-bib-0001){ref-type="ref"}, [2](#ame212059-bib-0002){ref-type="ref"} The homologues of Fe/S clusters are highly conserved and present in bacteria, yeast, and mammalia.[3](#ame212059-bib-0003){ref-type="ref"}, [4](#ame212059-bib-0004){ref-type="ref"}, [5](#ame212059-bib-0005){ref-type="ref"}, [6](#ame212059-bib-0006){ref-type="ref"} In bacteria there are at least three distinct types of Fe/S cluster assembly machinery, which are involved in cysteine desulfurase‐mediated assembly of transient clusters on scaffold proteins, and are known as the nitrogen fixation (NIF), iron‐sulfur cluster (ISC) and sulfur assimilation (SUF) systems.[7](#ame212059-bib-0007){ref-type="ref"} In mammalia, including mice and humans, Fe/S protein biogenesis is initiated in the mitochondria, where the persulfide is reduced to sulfide with the help of a ferredoxin electron transport system comprising ferredoxin reductase and ferredoxin 2.[8](#ame212059-bib-0008){ref-type="ref"}, [9](#ame212059-bib-0009){ref-type="ref"} Sulfide then forms a \[2Fe‐2S\] cluster with ferrous iron (Fe^2+^) on scaffold proteins such as iron‐sulfur cluster assembly enzyme (ISCU), which supports the assembly of a subset of Fe/S apoproteins.[10](#ame212059-bib-0010){ref-type="ref"}

The homologues of bacterial ISC in mammalia are iron‐sulfur cluster assembly 1 (ISCA1) and iron‐sulfur cluster assembly 2 (ISCA2), which are related to Isa1 and Isa2, respectively, in eukaryocytes.[10](#ame212059-bib-0010){ref-type="ref"}, [11](#ame212059-bib-0011){ref-type="ref"} ISCA1 and ISCA2 behave as Fe/S carriers, accepting Fe/S from a scaffold protein and transferring it to target proteins, and function as important Fe/S cluster assembly machinery in mammalian cells. In HeLa cells, knockdown of *ISCA1* and *ISCA2* resulted in a decrease of the activities of mitochondrial Fe/S proteins, including aconitase, respiratory complex I, and lipoic acid synthase, through the ISC assembly pathway.[10](#ame212059-bib-0010){ref-type="ref"}, [12](#ame212059-bib-0012){ref-type="ref"} *ISCA1* and *ISCA2* are the causal genes for multiple mitochondrial dysfunctions syndrome (MMDS). Mutations of *ISCA1* and *ISCA2* cause severely impaired respiration and lipoic acid metabolism and result in infantile‐onset mitochondrial encephalopathy, non‐ketotic hyperglycinemia, myopathy, lactic acidosis, and early death.[13](#ame212059-bib-0013){ref-type="ref"}, [14](#ame212059-bib-0014){ref-type="ref"}, [15](#ame212059-bib-0015){ref-type="ref"} However, little is known about the physiological function of ISCA1 in vivo. To gain further insights into the function of mammalian ISCA1 in vivo, we generated a systematic *ISCA1* knockout rat by knocking in the *mCherry‐Cre* cassette at the *ISCA1* locus. The rats were then used to examine the expression pattern of ISCA1 and analyze the embryo development.

2. MATERIALS AND METHODS {#ame212059-sec-0006}
========================

2.1. Animals {#ame212059-sec-0007}
------------

The Sprague‐Dawley (SD) *Rosa26‐imCherry* rats were generated in our lab as reported previously.[16](#ame212059-bib-0016){ref-type="ref"} The floxed *eGFP* and *mCherry* cassette was inserted in the *Rosa26* locus and the expression of *mCherry* was induced in the presence of Cre protein, which was used as Cre reporter rat strain. The *ISCA1* knockout rats were generated by insertion of *mCherry‐Cre* at the *ISCA1* locus as described previously.[17](#ame212059-bib-0017){ref-type="ref"} Briefly, we constructed two sgRNA expression vectors (sgRNA~1~: GGACTGTCCAATGATGAAGC, sgRNA~2~: GGCAGTCGTGCCCAAGAGGG), which were prepared using MEGA shortscript T7 Transcription kit (Ambion). The plasmid containing two homologous arms and a cassette of *mCherry‐p2a‐Cre* fusion gene was constructed as a knock‐in donor.

The fertilized eggs from female SD rat donors (Huafukang) were prepared following the protocols described previously.[17](#ame212059-bib-0017){ref-type="ref"}, [18](#ame212059-bib-0018){ref-type="ref"} The microinjection mixture, which contained Cas9 protein (30 ng/μL), the two sgRNAs (each 10 ng/μL) and donor DNA (4 ng/μL), was pre‐warmed at 37°C for 20 minutes before microinjection. The microinjection mixture was microinjected into both the cytoplasm and the male pronucleus of the fertilized eggs with a Nikon Microinjection system following standard protocols. After microinjection, the zygotes were transferred to pseudopregnant SD rats (20‐30 zygotes per pseudopregnant rat), which subsequently gave birth to live pups. The litters were then genotyped by PCR using the following primers: 5′‐CATGGAGAGAAGCTGAGGTCC‐3′, 5′‐ TCTCACGCTGTCTTGATTCTAAGC‐3′ and 5′‐GGTGTAGTCCTCGTTGTGGG‐3′. The 423 bp fragments (wild type \[WT\]) were amplified with 30 PCR cycles consisting of 94°C for 30 seconds, 61°C for 30 seconds and 72°C for 30 seconds, and the 702 bp fragments (knockout) were amplified with 30 PCR cycles consisting of 94°C for 30 seconds, 60°C for 30 seconds and 72°C for 60 seconds.

All the rats used in this study were maintained on a SD background and bred in an AAALAC‐accredited facility. The use of animals in the current study was approved by the Animal Care and Use Committee of the Institute of Laboratory AnimalScience of Peking Union Medical College (ZLF18003).

2.2. Embryo collection {#ame212059-sec-0008}
----------------------

For rat embryo preparation, female and male heterozygous rats (1:1) were put in a special cage overnight, and those females with a vaginal plug on the following morning were regarded as 0.5 day pregnant at noon that day. The female and male rats were then separated. The embryos were sampled at 2.5 days and 8.5 days. The embryos were then used for morphologic observation or Western blot.

2.3. Histological observation {#ame212059-sec-0009}
-----------------------------

The rats were sacrificed and fixed by perfusion of 4% paraformaldehyde solution. The tissues were sampled and frozen sections of the tissues were prepared using a standard procedure. The frozen sections were then examinated and the images were captured using the NanoZoomer family of Digital Pathology Systems (NDP) (NanoZoomer S60).

2.4. Reverse transcription PCR {#ame212059-sec-0010}
------------------------------

Total RNA was extracted from the tissues using a mirVana^™^ miRNA Isolation Kit (Ambion) and the cDNA was obtained by reverse transcription of RNA using a miScript II RT Kit (Qiagen). The cDNA of ISCA1 from different tissues was amplified by PCR using the primers 5ʹ‐CAAGAGAACACTGCAACCCAC‐3ʹ and 5ʹ‐ACACCCACTTTCAGACCCAC‐3ʹ. The PCR was conducted for 26 cycles of 94°C for 30 seconds, 60°C for 30 seconds and 72°C for 30 seconds. The relative expression of ISCA1 was calculated using gray scanning and normalized to GADPH (Image J).

2.5. Western blot {#ame212059-sec-0011}
-----------------

Male and female heterozygous rats were mated and the WT and homozygous embryos were identified and same‐genotype embryos were combined for analysis. The combined embryo lysates of were separated on 12% SDS‐PAGE. Western blot was performed according to standard procedures. The primary antibodies for NADH dehydrogenase \[ubiquinone\] 1 alpha subcomplex subunit 9 (NDUFA9, 1:1000, Abcam, ab14713), and aconitase 2 (ACO2, 1:1000, Abcam, ab110321) were visualized using anti‐mouse HRP‐conjugated secondary antibody (Santa Cruz Biotechnology, Inc.), and TOMM20 (1:250, Ivitrogen, PA5‐52843) was visualized using anti‐rabbit HRP‐conjugated secondary antibody (Santa Cruz Biotechnology, Inc.). Quantitative analysis was performed by densitometry using NIH Image software and normalized to TOMM20.

2.6. Statistical analysis {#ame212059-sec-0012}
-------------------------

The statistical significance of differences between two groups was analyzed using the independent‐samples *t* test. Data were presented as the means ± SD. The differences were considered to be significant at *P *\<* *0.05.

3. RESULTS {#ame212059-sec-0013}
==========

3.1. Generation of *ISCA1* knockout rats {#ame212059-sec-0014}
----------------------------------------

The *mCherry* and *Cre* genes were fused via a *p2a* sequence to construct a *mCherry‐Cre* cassette. The exon1 of the *ISCA1* gene was replaced by *mCherry‐Cre* using CRISPR/Cas9 genomic editing (Figure [1](#ame212059-fig-0001){ref-type="fig"}A,B) and resulted in the deletion of the start codon in exon1 for *ISCA1*, causing *ISCA1* knockout. In total, 60 zygotes were transferred to two pseudopregnant SD rats and nine litters were delivered. Three litters with the *mCherry‐Cre* fusion gene were detected and confirmed by DNA sequencing.

![The establishment of *ISCA1* knockout rats. A, The *mCherry‐Cre* cassette was knocked in at the *ISCA1* locus, replacing the exon1 of *ISCA1* gene. B, The mutated rats were genotyped by PCR. C, The heterozygous *ISCA1‐mCherry‐Cre* rats (*ISCA1 mCherry‐Cre* ^−/+^) were crossed with the *Rosa26‐imCherry* reporter rats. A strong expression of mCherry protein was induced by Cre (right) compared with a WT rat (left). The mCherry fluorescence images were captured by In‐Vivo Imaging Systems](AME2-2-18-g001){#ame212059-fig-0001}

The rat line with *mCherry‐Cre* knock‐in at the *ISCA1* locus is referred to as *ISCA1‐mCherry‐Cre* (officially named SD.ISCA1(TM‐mCherry‐Cre)‐GC/ILAS in our rat resource database \[[www.ratresource.com](http://www.ratresource.com)\]).

The promoter of *ISCA1* drove the *mCherry‐Cre* cassette to express mCherry and Cre proteins and allowed us to examine the ISCA1 expression pattern either directly via the *mCherry* reporter gene or, when crossed with *Rosa26‐imCherry*, indirectly using Cre activity. Cre induced stronger expression of *mCherry* in *Rosa26‐imCherry* rats and was appropriate for intravital imaging. The intravital imaging result showed that mCherry was generally observed and suggested that the ISCA1 was expressed broadly in whole body of the rats (Figure [1](#ame212059-fig-0001){ref-type="fig"}C). Furthermore, heterozygous rats (*ISCA1‐mCherry‐Cre* ^−/+^) showed no difference compared with WT rats in fertility, food uptake, body weight and lifespan (data not shown).

3.2. Expression pattern of ISCA1 in tissues of rats {#ame212059-sec-0015}
---------------------------------------------------

The tissues of heart, muscle, cerebrum, cerebellum, liver, spleen, lung, kidney, thymus, gut, ovary, and testis from *ISCA1‐mCherry‐Cre* ^−/+^ rats were sampled and the frozen sections of those tissues were observed under Digital Pathology Systems. The results showed that mCherry, directly driven by the ISCA1 promoter, was observed in all of these tissues. These results suggested that ISCA1 was expressed broadly (Figure [2](#ame212059-fig-0002){ref-type="fig"}A). The expression of *ISCA1* mRNA was selectively confirmed by RT‐PCR in the tissues of heart, liver, spleen, lung, kidney, muscle, fat, and brain (Figure [2](#ame212059-fig-0002){ref-type="fig"}B) and quantified by gray scanning, normalized to GADPH (Figure [2](#ame212059-fig-0002){ref-type="fig"}C, n = 6). The results showed that *ISCA1* mRNA was expressed in all eight tissues and expression levels were higher in the spleen, heart, and brain compared with other tissues.

![The expression pattern of ISCA1. A, The tissues of *ISCA1‐Cre‐mCherry* ^−/+^ rats were sampled and frozen sections of the tissues were examinated using the NanoZoomer family of Digital Pathology Systems (magnification× 40, scale bar = 100 μm). B, The expression of ISCA1 in the tissues was further analyzed by RT‐PCR and C, quantified by gray scanning and normalized to GADPH (n = 6)](AME2-2-18-g002){#ame212059-fig-0002}

3.3. Embryonic lethality of homozygous *ISCA1‐mCherry‐Cre* rats {#ame212059-sec-0016}
---------------------------------------------------------------

The exon1 of the *ISCA1* gene was replaced by *mCherry‐Cre*, resulting in the knockout of *ISCA1*. The heterozygous rats were normal, but no homozygous rats (*ISCA1‐mCherry‐Cre* ^−/−^) were detected among the 83 litters produced by mating between heterozygous rats from the f1 to the f4 generation (Figure [3](#ame212059-fig-0003){ref-type="fig"}A). The result suggested that knockout of ISCA1 resulted in embryonic lethality. We then observed the embryonic morphology at 2.5 and 8.5 days. The *ISCA1‐mCherry‐Cre* ^−/−^ embryos were normally developed at the 4‐cell stage (Figure [3](#ame212059-fig-0003){ref-type="fig"}B) and but abnormal development or development block were observed in embryo at 8.5 days (Figure [3](#ame212059-fig-0003){ref-type="fig"}C).

![Observation of the *mCherry‐Cre* ^−/−^ embryos. A, The male and female heterozygous rats (*ISCA1‐mCherry‐Cre* ^−/+^) were mated with each other and the numbers of WT, heterozygote and homozygote litters (*ISCA1‐mCherry‐Cre* ^−/−^) were counted. The embryonic morphology was observed and genotyped at B, 2.5 d, and C, 8.5 d](AME2-2-18-g003){#ame212059-fig-0003}

3.4. The expression of key proteins of the electron transport chain and TCA cycle {#ame212059-sec-0017}
---------------------------------------------------------------------------------

NDUFA9 protein is a key protein for electron transport chain, which is essential for stabilizing the junction between the membrane and matrix arms of complex I. The Western blot results showed that NDUFA9 protein was 40% lower in the *ISCA1‐mCherry‐Cre* ^−/−^ embryos compared with the WT embryos (Figure [4](#ame212059-fig-0004){ref-type="fig"}A,B). ACO2 protein is a tricarboxylic acid (TCA) cycle enzyme that converts citrate to isocitrate. The Western blot results showed that ACO2 protein was 60% higher in the *ISCA1‐mCherry‐Cre* ^−/−^ embryos compared with the WT embryos (Figure [4](#ame212059-fig-0004){ref-type="fig"}A,C). These results suggested that the ISCA1 knockout resulted in damage to the electron transport chain and TCA cycle.

![The expression of NDUFA9 and ACO2. A, The total embryo lysates from WT and homozygous embryos (*ISCA1‐mCherry‐Cre* ^−/−^) were separated on SDS‐PAGE and the expression levels of NDUFA9 and ACO2 detected by Western blot. The levels of B, NDUFA9 protein and C, ACO2 protein were quantified by gray scanning and normalized to TOMM20 (n = 3, \**P *\<* *0.05)](AME2-2-18-g004){#ame212059-fig-0004}

4. DISCUSSION {#ame212059-sec-0018}
=============

MMDS is characterized by impairment of mitochondria and affects infants. The typical clinical manifestations of MMDS include severe brain dysfunction, seizures, and psychomotor delay.[19](#ame212059-bib-0019){ref-type="ref"} It is also associated with lung hypertension or cardiomyopathy.[20](#ame212059-bib-0020){ref-type="ref"} MMDS is a genetic disease caused by mutations in the genes encoding components of the Fe/S biogenesis machinery including the NFU1 iron‐sulfur cluster scaffold (*NFU1*), BolA family member 3 (*BOLA3*), iron‐sulfur cluster assembly factor homolog IBA57 (*IBA57*) and *ISCA2*.[14](#ame212059-bib-0014){ref-type="ref"}, [19](#ame212059-bib-0019){ref-type="ref"}, [20](#ame212059-bib-0020){ref-type="ref"}, [21](#ame212059-bib-0021){ref-type="ref"}, [22](#ame212059-bib-0022){ref-type="ref"} *ISCA1* is a recently discovered causal gene for MMDS identified in two unrelated Indian families[13](#ame212059-bib-0013){ref-type="ref"}, and is a key component of the Fe/S biogenesis process. We generated an ISCA1 knockout rat line by replacing exon1 of *ISCA1* with the *mCherry‐Cre* fusion gene (Figure [1](#ame212059-fig-0001){ref-type="fig"}A,B). Interestingly, an attempt has been made to use ISCA1 as a magnetic protein, to induce magnetic activation of neuronal activity with a magnet receptor.[23](#ame212059-bib-0023){ref-type="ref"} The ISCA1 expression pattern is therefore of particular interest in rats. We detected ISCA1 expression by intravital imaging, histological observation and RT‐PCR. The results indicated that ISCA1 was expressed broadly throughout the body in the rats (Figures [1](#ame212059-fig-0001){ref-type="fig"} and [2](#ame212059-fig-0002){ref-type="fig"}). We did not observe any specific expression of ISCA1 in the brain, which suggested that endogenous ISCA1 does not function as a magnetic protein to induce magnetic activation in neurons.

*ISCA1* knockout resulted in developmental block in embryos at 8.5 days and caused embryonic lethality (Figure [3](#ame212059-fig-0003){ref-type="fig"}). The ISCA1 protein accepts Fe/S from a scaffold protein and transfers it to the respiratory complex.[12](#ame212059-bib-0012){ref-type="ref"} The Fe/S is necessary for the stability of the mitochondrial Fe/S containing proteins of the respiratory complex in eukaryotic cells.[10](#ame212059-bib-0010){ref-type="ref"}, [24](#ame212059-bib-0024){ref-type="ref"} *ISCA1* knockdown by rAAV‐mediated shRNA resulted in a substantial decrease in Succinate Dehydrogenase Complex Iron Sulfur Subunit B (SDHB), NADH Dehydrogenase Fe‐S Protein 3 (NDUFS3) and NADH Dehydrogenase (Ubiquinone) Fe‐S Protein 5 (NDUFS5) in skeletal muscle.[12](#ame212059-bib-0012){ref-type="ref"} NDUFA9 is a Fe/S‐containing protein of the mitochondrial respiratory chain complex I and is essential for assembling and stabilizing complex I.[25](#ame212059-bib-0025){ref-type="ref"}, [26](#ame212059-bib-0026){ref-type="ref"} It was found that the mutated *NDUFA9* gene caused a severe neonatally fatal phenotype in humans.[27](#ame212059-bib-0027){ref-type="ref"} In *ISCA1* knockout rat embryos, the NDUFA9 protein decreased by 40% (Figure [4](#ame212059-fig-0004){ref-type="fig"}A,B).

The primary activity of ACO2 protein is to control cellular adenosine triphosphate (ATP) production via conversion of citrate to isocitrate.[28](#ame212059-bib-0028){ref-type="ref"} Mutations or altered activity of ACO2 are associated with diseases such as epilepsy, brain atrophy, optic atrophy, retinal degeneration, and Huntington\'s Disease.[29](#ame212059-bib-0029){ref-type="ref"}, [30](#ame212059-bib-0030){ref-type="ref"}, [31](#ame212059-bib-0031){ref-type="ref"} Our results showed that ACO2 protein increased by 60% in *ISCA1* knockout embryos (Figure [4](#ame212059-fig-0004){ref-type="fig"}A,C), unlike the observed decrease in Fe/S transfer protein. ACO2 is central to carbohydrate and energy metabolism and is associated with multiple metabolic pathways and pathologic conditions such as Huntington\'s Disease[31](#ame212059-bib-0031){ref-type="ref"}, hypoxia[32](#ame212059-bib-0032){ref-type="ref"}, and reactive oxygen species (ROS)[33](#ame212059-bib-0033){ref-type="ref"} and energy metabolism defects.[34](#ame212059-bib-0034){ref-type="ref"} ACO2 production could be regulated by cell energy metabolism and the observed increase in ACO2 activity might counteract cell energy metabolism defects.[34](#ame212059-bib-0034){ref-type="ref"} We speculated that the *ISCA1* knockout resulted in damage to the mitochondrial respiratory chain complex I via a decrease in NDUFA9 protein, leading to defective energy metabolism. This, in turn, induced the increase in ACO2 levels seen in the rat embryos. The mechanism for the upregulation of ACO2 by *ISCA1* knockout requires further study.

In summary, *ISCA1* is a gene expressed throughout the body and its knockout caused early embryonic death in rats. The *ISCA1* knockout resulted in damage to the electron transport chain and energy metabolism.
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